Introduction
The liver plays a critical role in maintaining glucose homeostasis. It is therefore not surprising that insulin regulates hepatic glucose production (HGP) through multiple mechanisms. HGP is inhibited by intracellular signals resulting from the direct binding of insulin to its hepatic receptor (1) (2) (3) (4) (5) (6) , resulting in a rapid reduction in glycogenolysis (2, (7) (8) (9) . In addition, insulin can indirectly suppress HGP by several means, including the reduction of circulating free fatty acids (FFAs) and glycerol as a result of the inhibition of lipolysis (10) (11) (12) (13) (14) , the suppression of glucagon secretion (15, 16) , and by means of a change in neural input to the liver secondary to insulin action in the brain (17, 18) .
Because of redundancies in the control of HGP by insulin, each of its various effects are, at least to a degree, dispensable (5, 14, 19) . For example, elevating insulin at the liver alone, both in vivo and ex vivo, rapidly inhibits HGP in multiple species (2, 3, 5) . Although at a minimum basal insulin signaling at the liver is necessary (14, 20) , a rise in arterial insulin alone, without a change in hepatic insulin levels, can suppress HGP (5) through insulin-mediated suppression of lipolysis (13) . Likewise, a change in insulin at the liver is not required for modification of hepatic glucose metabolism by glucagon (15, 21) or brain insulin action (17, 18, 22) . Thus, a multitude of studies have shown that HGP can be suppressed in response to either an increase in the arterial or hepatic insulin level, even when there is no change in the other.
What remains unclear is the contextual importance of insulin's multiple effects. Hepatic insulin sensitivity is typically measured in human and rodent studies using the gold-standard clamp approach. This involves infusing insulin into a peripheral vein to create hyperinsulinemia while euglycemia is maintained with glucose infusion. It should be noted, however, that the peripheral route of insulin infusion artificially changes the distribution of the hormone in the blood since in vivo insulin is secreted into the hepatic portal vein. In a normal physiologic setting, therefore, the liver is exposed to 2.5-to 3-fold higher insulin concentrations (5, 13, 23-26) than the brain, fat, or other tissues. In contrast, when insulin is infused into a Insulin can inhibit hepatic glucose production (HGP) by acting directly on the liver as well as indirectly through effects on adipose tissue, pancreas, and brain. While insulin's indirect effects are indisputable, their physiologic role in the suppression of HGP seen in response to increased insulin secretion is not clear. Likewise, the mechanisms by which insulin suppresses lipolysis and pancreatic α cell secretion under physiologic circumstances are also debated. In this study, insulin was infused into the hepatic portal vein to mimic increased insulin secretion, and insulin's indirect liver effects were blocked either individually or collectively. During physiologic hyperinsulinemia, plasma free fatty acid (FFA) and glucagon levels were clamped at basal values and brain insulin action was blocked, but insulin's direct effects on the liver were left intact. Insulin was equally effective at suppressing HGP when its indirect effects were absent as when they were present. In addition, the inhibition of lipolysis, as well as glucagon and insulin secretion, did not require CNS insulin action or decreased plasma FFA. This indicates that the rapid suppression of HGP is attributable to insulin's direct effect on the liver and that its indirect effects are redundant in the context of a physiologic increase in insulin secretion.
peripheral vein hepatic insulin levels are ~20% less than arterial levels. This was demonstrated in a recent rat study in which a low peripheral insulin infusion rate (resulting in only a 2-fold rise in arterial insulin) completely eliminated endogenous insulin secretion and reversed the normal insulin gradient between the liver and peripheral tissues (26) . It is apparent, therefore, that when insulin is infused into a peripheral vein its direct effects on the liver are underemphasized, while its indirect effects are exaggerated. Thus, the route of insulin delivery can have a major impact on both the overall response of the liver and the mechanisms by which that response is achieved. Indeed, over a range of insulin doses, peripheral insulin infusion was not as effective at suppressing HGP as compared with direct infusion into the portal vein (26) .
Some studies have investigated brain insulin's effects on HGP under so-called basal insulin conditions, when insulin was infused into a peripheral vein to maintain arterial insulin levels at baseline values during somatostatin infusion (17, 18) . In others, insulin was infused peripherally to create 3-fold arterial hyperinsulinemia (17, 18) . Because of the loss of the normal hepatic/arterial insulin gradient (which occurs even without somatostatin infusion; see ref. 26 ), the liver is hypoinsulinemic under such basal conditions and euinsulinemic under the so-called hyperinsulinemic condition (5, 26, 27) . Therefore, it is no surprise that insulin did not directly contribute to the suppression of HGP in many gold-standard clamp studies (11, 17, 18, 28, 29) . While such studies demonstrate the capability of insulin to act indirectly, they do not provide insight into the importance of those effects in the context of a physiologic increase in insulin secretion.
It is also important to consider how fasting affects glycogenolytic and gluconeogenic rates in the species being studied. Unlike humans and large animals, which protect glycogen stores and continue to rely on glycogenolysis for many hours after feeding (30) (31) (32) , rodents progress rapidly into the fasted state, soon becoming totally reliant on gluconeogenesis since there is complete depletion of liver glycogen within a few hours (33) . Because the direct and indirect mechanisms by which insulin regulates glycogenolysis and gluconeogenesis differ, care should be taken to ensure appropriate interpretation of data generated from rodents that were fasted for more than a few hours.
In vitro studies have shown that insulin can directly suppress insulin and glucagon secretion, as well as lipolysis, through insulin receptors on β cells, α cells, and adipocytes, respectively (34) (35) (36) (37) (38) (39) . The in vivo regulation of these processes is complex, however, and can include CNS effects. The degree to which insulin per se contributes to the neural control of these processes under physiologic circumstances is currently unclear. Likewise, it is not known how brain insulin-mediated regulation of lipolysis and insulin and glucagon secretion impact the acute regulation of HGP in the context of increased portal vein insulin concentrations.
Therefore, the purpose of this study was to assess whether insulin's acute indirect effects on HGP are additive to, redundant to, or synergistic with its direct hepatic effects, in the context of a physiologic increase in portal vein insulin level in a large animal model. The impact of eliminating each of insulin's indirect effects, either alone or in combination, was determined. We focused on insulin's ability to lower FFAs, activate brain insulin signaling, and reduce glucagon secretion since recent studies have concluded that suppression of lipolysis is the major mechanism by which insulin suppresses HGP (11) , that increased brain insulin action is required for the rapid suppression of HGP (17) , and because a fall in plasma glucagon is potentially a powerful contributor to insulin's ability to inhibit HGP (15) .
Results
Plasma insulin. Prior to the hyperinsulinemic clamp, the ratio of endogenous insulin in hepatic sinusoidal versus arterial plasma was 2.4 ± 0.1 (-90 to 0 minutes; Figures 1A, 2A , 3A,and 4A; n = 30) due to the secretion of insulin into the hepatic portal vein (the portal vein to arterial insulin ratio was 2.7 ± 0.2). During portal vein insulin infusion during the clamp (0 to 240 minutes) both the arterial and hepatic sinusoidal insulin levels increased ~6-fold in the control and experimental groups ( Figures 1A, 2A, 3A ,and 4A). The arterial to hepatic insulin ratio was 2.5 ± 0.1 during the clamp in each group, and arterial plasma C-peptide levels fell to below the level of detection of the assay ( Figures 1C, 2C, 3C , and 4C), indicating that endogenous insulin secretion was close to completely inhibited by exogenous insulin infusion. This occurred in the absence of somatostatin infusion. Thus, we simulated a 6-fold rise in insulin secretion, maintaining the physiologic insulin gradient that existed between the liver and the rest of the body prior to the clamp.
Fat clamp group versus control. The arterial plasma glucose levels were similar between the INS (control) group and the fat-clamp (INS+FFA) group (see Methods for descriptions of all study groups) and the glucose infusion rate required to maintain euglycemia was modestly lower at the end of the study in the fat-clamp group ( Figure 1B) . Hepatic sinusoidal glucagon levels were suppressed similarly in both groups ( Figure 1C ).
Arterial plasma FFA levels were rapidly reduced by hyperinsulinemia in the INS group, but remained basal in the INS+FFA group when intralipid and heparin were infused ( Figure 1D ). As a result, net hepatic FFA uptake was either reduced or remained basal, in line with the plasma FFA levels ( Figure 1D ). Failure to suppress FFA was associated with modestly less stimulation of whole-body glucose utilization (Table 1) , which correlated with the reduced need for glucose infusion in the INS+FFA group ( Figure 1B) . Arterial plasma glycerol levels also declined in the INS group due to insulininduced suppression of lipolysis, but they were elevated 2-fold during intralipid infusion ( Figure 1E ). Liver glycerol uptake is load dependent (unregulated); therefore, the pattern of net hepatic glycerol uptake mirrored plasma glycerol concentrations ( Figure 1E ). Net hepatic lactate uptake was reduced in the INS group, thereby tending to elevate arterial blood lactate levels, whereas both remained at baseline in the absence of a fall in FFA ( Figure 1F ). When FFA fell there was a decrease in gluconeogenic flux to glucose-6-phosphate (G6P), which in turn reduced the availability of substrate for glycogen synthesis ( Figure  1G ). On the other hand, when the FFA levels were prevented from falling, intrahepatic gluconeogenic flux Downloaded from http://insight.jci.org on July 8, 2017. https://doi.org/10.1172/jci.insight.91863
was not reduced and the greater substrate supply allowed for increased net hepatic glycogen synthesis ( Figure 1G ). Despite the effects of FFA on intrahepatic carbon fluxes, the fall in FFA had no impact on the regulation of HGP. Net hepatic glucose balance and tracer-determined HGP were suppressed over the same time course and to the same extent regardless of the arterial FFA concentrations ( Figure 1H ).
Glucagon-clamp group versus control. Arterial plasma glucose levels, glucose infusion rates, and whole-body glucose utilization did not differ between the INS (control) and glucagon-clamp (INS+GGN) groups ( Figure 2B and Table 1 ). Hepatic sinusoidal glucagon levels declined in the INS group (49 ± 5 to 40 ± 4 pg/ml; basal vs. experimental periods, respectively). This decrease may have been larger than it appears since ~25-30 pg/ml of what is measured by the Millipore glucagon RIA is not glucagon (nonspecific cross-reacting material, unpublished results from the Vanderbilt University Hormone Assay and Analytical Services Core). Glucagon levels were maintained at basal (47 Downloaded from http://insight.jci.org on July 8, 2017. https://doi.org/10.1172/jci.insight.91863 ± 6 to 45 ± 5 pg/ml) in the INS+GGN group due to the intraportal infusion of glucagon ( Figure 2C ). Arterial plasma FFA and blood glycerol levels were reduced similarly in both groups, as were net hepatic uptakes of FFA and glycerol ( Figure 2 , D and E). Net hepatic lactate uptake was reduced and arterial lactate levels increased similarly in both groups ( Figure 2F ). Intrahepatic gluconeogenic and glycogenolytic fluxes responded similarly whether or not glucagon levels decreased, although at the last time point net hepatic glycogen synthesis was modestly lower in the INS+GGN group ( Figure 2G ). The decrease in hepatic glucagon levels caused by hyperinsulinemia had no significant effect on the time course or extent of suppression of net glucose balance or HGP ( Figure 2H ).
Brain insulin signaling block group versus control. Effective blockade of brain insulin signaling is important to the interpretation of our data. Previous rodent and dog studies have shown that hepatic signal transducer and activator of transcription-3 (STAT3) phosphorylation results from brain insulin action (22, (40) (41) (42) . In addition, suppression of HGP by the brain-liver insulin axis requires a neurally mediated increase in hepatic STAT3 phosphorylation (40) . In those studies, intracerebroventricular (i.c.v.) infusion of a PI3-kinase inhibitor, K ATP channel inhibitor, or hepatic denervation effectively prevented brain insulin-mediated increases in liver p-STAT3, which in turn completely blocked downstream effects at the liver, including changes in mRNA and protein levels (glucokinase and multiple gluconeogenic and glycogenolytic enzymes) (22, 42) . Thus, prevention of STAT3 phosphorylation indicates successful blockade of the brain-liver insulin axis. Infusion (i.c.v.) of the inhibitors was initiated 60 minutes prior to the start of hyperinsulinemia in the present study since in previous studies we showed that the full blockade of brain insulin action occurs within 1 hour (22) .
As expected, brain insulin signaling increased hepatic STAT3 phosphorylation during hyperinsulinemia, whereas i.c.v. infusion of a PI3-kinase inhibitor (LY294002) or insulin receptor antagonist (S961) eliminated that downstream effect ( Figure 5 ). This indicates that the brain-liver insulin axis was activated in the INS group but not in the brain insulin-block (INS-BRAIN) group ( Figure 5 ). Although LY294002 was previously shown to prevent activation of the brain-liver insulin axis in the rat and dog (17, 22, 42) , we infused S961 into the third ventricle in a subgroup in order to determine whether inhibition of all brain insulin signaling pathways (including MAP-kinase) would confirm the data from the PI3-kinase inhibitor studies. As occurred with i.c.v. infusion of LY294002, S961 prevented hyperinsulinemia from increasing hepatic STAT3 phosphorylation relative to the INS group (1.18 ± 0.10 and 1.18 ± 0.15 in the LY and S961 groups, respectively, vs. 1.91 ± 0.25 in the INS group). This suggests that brain insulin action acts primarily through PI3-kinase, rather than MAP-kinase, in agreement with what was previously reported (17) . There were no significant differences between the results in the LY294002 and S961 groups with regard to changes in insulin or glucagon secretion, lipolysis, net hepatic glucose balance, endogenous glucose production, or net hepatic glycogenolytic or gluconeogenic fluxes; therefore, the data from the 2 groups were combined.
Arterial plasma glucose levels, glucose infusion rates, and whole-body glucose utilization did not differ between the INS and INS-BRAIN groups ( Figure 3B and Table 1 ). Hepatic sinusoidal glucagon levels were suppressed similarly in both groups ( Figure 3C ), as were arterial plasma FFA and glycerol levels and net hepatic FFA and glycerol uptake (Figure 3 , D and E). Net hepatic lactate uptake fell similarly in both groups, in both cases causing a rise in arterial lactate levels ( Figure 3F ). Intrahepatic gluconeogenic and glycogenolytic fluxes did not differ between groups ( Figure 3G ). The increase in brain insulin signaling caused 2.2 ± 0.1 6.8 ± 0.5 9.0 ± 0.9 9.1 ± 0.9 9.9 ± 1.0 10.0 ± 0.9 INS-BRAIN 2.2 ± 0.0 5.9 ± 0.5 7.3 ± 0.4 8.6 ± 0.7 8.9 ± 0.7 9.1 ± 0.7 INS-COMPLETE 2.3 ± 0.0 7.0 ± 0.6 7.4 ± 0.7 7.5 ± 0.9 7.7 ± 1.0 7.6 ± 0.9
Insulin was elevated 6-fold by portal vein insulin infusion in conscious dogs. Either the direct and indirect effects of insulin on the liver were all present (INS; n = 6), or plasma FFAs were clamped at basal (INS+FFA; n = 5), plasma glucagon was clamped at basal (INS+GGN; n = 5), increased brain insulin signaling was blocked (INS-BRAIN; n = 9), or all of the indirect effects of insulin were blocked (INS-COMPLETE; n = 5). Values are mean ± SEM.
by hyperinsulinemia had no effect on the time course or extent to which inhibition of net hepatic glucose balance or HGP occurred ( Figure 1H ). Complete indirect block group versus control. Intralipid and heparin, glucagon, and brain insulin signaling inhibitors were infused in the complete indirect insulin-block (INS-COMPLETE) group to simultaneously block all of insulin's indirect effects on HGP. Infusion (i.c.v.) of LY294002 and S961 prevented the increase in brain-liver insulin signaling that occurred in the INS (control) group ( Figure 5 ). Arterial plasma glucose did not differ between groups and the tendency for glucose infusion rates to diverge at the end of the clamp is explained by the impact of FFA on whole-body glucose utilization rates ( Figure 4B and Table  1 ). Unlike the INS group, hepatic sinusoidal glucagon levels rose modestly in the INS-COMPLETE group (42 ± 5 to 62 ± 8 pg/ml; basal period vs. last hour of the experimental period, respectively; the study, probably due to the mismatch in hepatic glucagon levels, the indirect effects of insulin on lipolysis, the α cell, and the brain were not required for the rapid suppression of net hepatic glucose balance or HGP caused by portal vein insulin delivery ( Figure 4H ).
Discussion
Glucose production is dysregulated in individuals with diabetes and as such it is a primary contributor to hyperglycemia. Understanding how insulin normally regulates HGP as well as the defect occurring in diabetes is crucial for the development of effective therapies targeting this process. It is well established that insulin can independently regulate HGP by both its direct or indirect hepatic effects (5, 43), yet considerable controversy remains regarding the relative importance of each mechanism. The central effects of insulin have been said to be required, necessary, crucial, or even essential for the suppression of HGP by insulin (17, 18, (44) (45) (46) (47) (48) (49) , and recently it was concluded that suppression of lipolysis is the major mechanism by which insulin inhibits HGP (11). To date, both the direct and indirect effects of insulin have been identified as being the dominant signal by which a rise in insulin reduces HGP in vivo (1, 50) , leaving the issue unresolved. The present study seeks to present a unifying hypothesis, by showing that the context under which insulin acts is a primary determinant of its mechanism of action. By extending observations made in the rodent to a large animal model we hope to facilitate the translation of relevant findings to the human.
Previously we investigated insulin's indirect effects on HGP in the dog (i.e., the effect of a selective increase in peripheral insulin levels while insulin at the liver remained at basal). Insulin did indeed eventually inhibit HGP indirectly (within 60 minutes vs. 15 minutes with portal insulin infusion) (5), primarily due to a fall in plasma FFAs (13) . In addition, hyperinsulinemia suppresses glucagon secretion over time, and basal insulin inhibits HGP in the absence of glucagon (15, 21) . Furthermore, when brain insulin action was selectively increased by insulin infusion either directly into the brain (i.c.v.), or into the blood perfusing the brain (carotid and vertebral arteries), CNS signaling affected multiple downstream molecular targets in the liver (transcription, translation, and phosphorylation) but it did not affect HGP (22) . On the other hand, net hepatic glucose uptake increased modestly after a several-hour delay (22) . These studies and those performed by others establish the existence of insulin's indirect effects, but they do not address their relevance under physiologic conditions. Therefore, the purpose of this study was to definitively determine the relative contribution of insulin's direct and indirect effects to the inhibition of HGP in the context of a physiologic increase in insulin secretion. To the best of our knowledge, this study is the first to simultaneously eliminate all of insulin's indirect effects on HGP during a physiologic rise in the portal vein insulin level. It was important to concurrently eliminate all of the indirect mechanisms of control because it is possible that they could compensate for one another when blocked individually. We found that HGP was suppressed to the same extent, and with the same time course, in response to increased portal vein insulin delivery regardless of whether or not insulin's indirect effects on adipose tissue, pancreatic α cells, or the brain were intact. Our data do not dispute the existence of a brain-liver insulin axis, or the ability of a suppression of lipolysis or glucagon secretion to independently regulate HGP, but they underscore their redundancy in times of physiologic hyperinsulinemia. The present data clearly demonstrate that the indirect effects of insulin are not required for the suppression of HGP when insulin secretion increases and that it is the hormone's direct effect on the liver that provides the dominant inhibitory signal.
Superficially, these results are in disagreement with other findings, but experimental context is crucial. Recently, Perry et al. (11) concluded from studies performed in overnight-fasted rats that the major mechanism by which insulin suppresses HGP is through the suppression of lipolysis, leading to a decrease in gluconeogenesis. It is important to note that the livers of overnight-fasted rats are almost completely glycogen depleted (33), entirely gluconeogenic (11), and therefore have no capacity for the inhibition of glycogenolysis by insulin. In contrast, fed rodents and fasted large animals respond to insulin by rapidly suppressing glycogenolysis (2, (7) (8) (9) . In addition, Perry et al. infused insulin into a peripheral vein at a rate (3 mU/kg/min) that has been shown to increase arterial levels 3-fold (17, 18, 51) , but which would not have elevated insulin at the liver (26) . Therefore, that study does not provide insight into the suppression of HGP due to inhibition of lipolysis in the context of an increase in insulin secretion (i.e., a rise in portal vein insulin delivery). Instead, like many previous studies, those results confirm that the suppression of HGP by insulin's indirect action is primarily due to the hormone's effect on lipolysis (10, (12) (13) (14) . In contrast, the present study demonstrates that the suppression of lipolysis provides no further suppression of HGP in the presence of insulin's direct effect.
Because the direct and indirect mechanisms by which insulin regulates HGP are distinct and independent, their combined effects could be additive or even synergistic. Insulin directly inhibits HGP via rapid effects on glycogen metabolism, whereas inhibition of lipolysis drives an allosterically mediated reduction in gluconeogenesis (11) . Of note, the signaling events that are downstream of hepatocyte insulin receptor activation are unchanged by the suppression of lipolysis and the allosteric effects of acetyl CoA. For example, insulin's inhibitory effect on glycogen breakdown through PI3-kinase is present whether or not the indirect effects of insulin are operative (42) . It is notable that clamping plasma FFAs at basal levels during hyperinsulinemia in the present study prevented suppression of intrahepatic gluconeogenic flux. This was likely due to sustained hepatic acetyl CoA levels, which would have maintained flux through pyruvate carboxylase, as shown by Perry et al. (11) . Indeed, net hepatic lactate uptake persisted in the presence of FFAs and this provided greater substrate for flux into glycogen. Despite preventing a decrease in intrahepatic gluconeogenic flux, blockade of insulin's lipolytic effect did not limit the ability of insulin to reduce HGP, because the effect was offset by an equal increase in glycogen synthesis. Thus, it was insulin's overriding direct effect on glycogen metabolism that determined HGP.
Obici et al. (17) concluded that the brain-liver insulin axis involves insulin signaling through PI3-kinase, not MAP-kinase, since i.c.v. administration of PI3-kinase inhibitors (LY294002 and wortmannin) blocked the suppression of glucose production by CNS insulin, whereas an inhibitor of MAP-kinase did not. On the other hand, Filippi et al. (52) found that central insulin action could inhibit glucose production by acting via either PI3-kinase in the hypothalamus or MAP-kinases (Erk1/2) in the dorsal vagal complex. In either case, the neuronal PI3-kinase and MAP-kinase pathways were found to converge downstream, requiring the activation of K ATP channels (18, 52) , which would then cause vagally mediated phosphorylation of hepatic STAT3 (22, (40) (41) (42) , and suppression of HGP. In the present study, the lack of increase in hepatic p-STAT3 in the group treated with LY294002 demonstrates that brain-liver insulin signaling was completely blocked by the PI3-kinase inhibitor. In addition, there was no difference in the effects at the liver whether signaling through PI3-kinase alone or all brain insulin receptor signaling was blocked (LY294002 vs. S961). Finally, we previously found that the liver markers of brain insulin action were equivalently blocked by i.c.v. administration of LY294002 or a K ATP channel inhibitor (42) . Thus, like Obici et al. (17), we found that the brain-liver insulin axis requires the activation of neuronal PI3-kinase, not MAP-kinase.
In addition to CNS-liver neural input (17, 18), brain insulin action has the potential to alter HGP through a variety of mechanisms. For example, besides insulin's direct effects on pancreatic hormone secretion (53, 54) and adipose tissue lipolysis (37), brain insulin action may neurally lower plasma glucagon (55) and FFA (41, 49, 56 ) and perhaps feed-forward to increase insulin secretion (57, 58), thereby indirectly inhibiting HGP. Caution must be applied when interpreting the results from studies in which insulin is injected directly into the brain, is administered intranasally to selectively increase brain insulin concentrations, or when brain insulin action is blocked during a peripheral insulin clamp in which the arterial but not hepatic insulin levels are elevated (17, 18, 22, 59) . While such studies establish the potential for CNS insulin to influence HGP, lipolysis, or pancreatic hormone secretion, they do not address the physiologic impact of those mechanisms since insulin levels always increase proportionally, throughout the body, when insulin is secreted endogenously.
Brain insulin action had no effect on lipolysis during hyperinsulinemia, since glycerol and FFA levels did not differ when CNS insulin signaling was blocked. This demonstrates that the lipolytic and re-esterification responses were determined by insulin's noncentral effects when insulin was elevated simultaneously at both adipose tissue and the brain. Thus, the previously demonstrated CNS effect of insulin on lipolysis (41, 49, 56) is redundant to insulin's acute direct adipose tissue effects, although brain insulin may regulate lipolysis under other circumstances.
The autonomic nervous system regulates the pancreatic α cell, and hypothalamic insulin action has been shown to suppress fasting glucagon secretion in the rodent (55) . It is noteworthy that despite the same rates of glucagon replacement in the glucagon-clamp and complete indirect-block groups, plasma glucagon concentrations were modestly greater in the latter. Thus, it is possible that blocking brain insulin action interfered with the suppression of glucagon secretion, but only in the presence of basal FFAs, which are known stimulators of glucagon secretion (60) . Regardless, suppression of glucagon secretion was not required for the full inhibition of HGP in the context of increased insulin secretion.
Although exogenous insulin infusion has been shown to suppress insulin secretion in vivo, the direct effect of insulin on the β cell has been called into question (34) (35) (36) . In addition, while it has been shown that insulin secretion can be neurally controlled, the role of brain insulin action in causing this effect is uncertain (36) . A pharmacologic dose of insulin injected into the lateral cerebral ventricle was shown to increase insulin secretion in dogs (57) and brain K ATP channel activation caused a similar effect in rats (58) . Thus, brain insulin action may feed-forward to stimulate insulin secretion and thereby inhibit HGP. In contrast, others have found that insulin can inhibit its own secretion through a neural mechanism, without acting directly on the β cell (61) . In the present study, however, exogenous insulin rapidly and completely suppressed basal insulin secretion through an effect that was not driven by CNS insulin action, because it occurred even when brain insulin signaling was blocked. Likewise, although FFAs drive β cell secretion (62) , the inhibition of insulin secretion by exogenous insulin did not depend on the suppression of lipolysis since the same reduction of C-peptide occurred even when FFAs were clamped at basal levels.
This study demonstrates that insulin's direct effect on the liver was sufficient to elicit hyperinsulinemia's full, time-dependent response. In contrast, previous studies indicate that although insulin can indirectly suppress HGP in the absence of a rise in the hepatic insulin level, the response is imperfect, at least with regard to timing and perhaps to degree. While HGP is rapidly suppressed by its direct effect (<15 minutes; see refs. 3, 5), its indirect effects are delayed (5, 13) . This is not surprising since, unlike the open fenestrations of liver sinusoids, which allow for rapid movement of insulin from the blood to its hepatocyte receptor, endothelial cell tight junctions in adipose tissue slow insulin translocation, causing a lag in the suppression of lipolysis. As a result, it takes time for plasma FFA levels to fall (5, 13) . Likewise, the insulin-induced fall in plasma glucagon is modest and requires at least an hour to be seen. The brain-liver insulin axis is even slower (17, 18, 22, 59) , since several hours of hyperinsulinemia are prerequisite for an increase in hepatic STAT3 phosphorylation to occur (9, 40) , and then there is the additional time required for changes in gluconeogenic gene transcription and translation to affect enzyme activity (9) . Thus, the rapid suppression HGP caused by a rise in portal vein insulin occurs prior to the impact of insulin's indirect effects.
The present study dealt with the suppression of HGP under euglycemic conditions, but insulin normally rises in tandem with glucose during meal ingestion. This raises the question of whether the indirect effects of insulin might play a greater role in the regulation of hepatic glucose metabolism during feeding. For example, feeding affects neural networks (63) that might amplify the effects of brain insulin on the liver. On the other hand, insulin's effects on HGP via suppression of lipolysis and glucagon secretion would be offset if plasma FFA and glucagon levels rise in response to feeding. In addition, hyperglycemia itself suppresses HGP, even under basal insulin conditions (64) ; therefore, the inhibition of HGP by combined hyperinsulinemia and hyperglycemia is even more rapid and pronounced than with hyperinsulinemia alone, with the liver switching from a state of glucose production to storage in minutes. Thus, one could argue that euglycemic conditions may actually favor the detection of insulin's indirect effects. It is worth noting that chronic alterations in the mediators of those effects (NEFA, glucagon, and/or neural signaling to the liver) could influence how HGP is acutely regulated. For example, hyperlipidemia leading to liver fat accumulation causes hepatic insulin resistance. Carefully controlled experiments will be required to identify the manner in which hepatic insulin tone is set and to determine how feeding signals may impact the various mechanisms by which insulin regulates liver glucose production and uptake.
At present, most insulin-dependent patients receive insulin through the peripheral (i.e., subcutaneous) route. The resulting over-insulinization of nonhepatic tissues and under-insulinization of the liver can contribute to metabolic dysfunction, including insulin resistance, coagulation abnormalities, weight gain, and alterations in body fat distribution and lipid metabolism, and the imbalance in insulin gradient is also a risk factor for hypoglycemia, hypertension, atherosclerosis, and long-term micro-and macrovascular complications (25) . Thus, there are important therapeutic implications to understanding how insulin secretion regulates HGP, as well as to knowing whether insulin's indirect actions are less effective in patients with diabetes who are treated with insulin peripherally. Metabolic dysfunction may be avoided by selectively targeting the liver's direct effect, for example with oral or hepato-preferential insulin analogs, or with intraperitoneal insulin delivery (25) .
In summary, while it is abundantly clear that insulin can regulate HGP through multiple means, experimental context is a major determinant of the importance of each mechanism. In the physiologic setting, portal vein insulin delivery rapidly suppresses HGP through its direct effects on the liver in healthy animals. The indirect effects of insulin, while present, are redundant and without detectable impact. Likewise, the inhibition of lipolysis and glucagon and insulin secretion, in response to portal vein insulin delivery, do not require insulin's indirect actions, but are driven by its direct effects on the adipocyte, α cell, and β cell, respectively.
Methods
Animal care and surgical procedures. Experiments were performed using conscious 42-hour-fasted dogs of either sex (19-24 kg) as previously described (42) . This length of fast was used to increase the likelihood that brain insulin action would produce a metabolic effect on the liver (greater potential for suppression of gluconeogenesis following a longer fast). It should be noted that a 42-hour fast in the dog does not induce hypoglycemia, raise the plasma levels of stress hormones, or eliminate liver glycogen. Arterial cortisol or catecholamine levels did not differ over time or between groups (data not shown).
Seventeen days prior to the study, intraportal infusion catheters were implanted in the jejunal and splenic veins, blood sampling catheters were inserted in the femoral artery, hepatic portal vein, and hepatic vein, and ultrasonic blood flow probes were placed around the hepatic artery and portal vein, as previously described (8, 22) . Ten days prior to the study, stereotaxic i.c.v. cannulation was performed as previously described (22) . All dogs were healthy, as indicated by a return to presurgical food intake and body weight, leukocyte count less than 18,000/mm 3 , hematocrit greater than 35%, and normal stools. Experimental design. Experiments consisted of equilibration (−180 to −90 minutes), basal (−90 to 0 minutes), and experimental (0-240 minutes) periods. At −180 minutes, H]glucose administration was started (35 μCi priming dose; 0.35 μCi/min constant infusion). Intraportal insulin infusion (1.8 mU/kg/ min) was initiated at 0 minutes to bring about a 6-fold rise in insulin in the liver and nonhepatic tissues and glucose was infused into a peripheral vein to maintain euglycemia. At the end of each experiment the animals were administered a lethal dose of pentobarbital and liver and brain tissues were rapidly harvested, freeze-clamped, and stored at −70°C.
There were 5 hyperinsulinemic/euglycemic groups: a control group (INS; n = 6); a fat-clamp group (INS+FFA; n = 5) in which intravenous intralipid and heparin were infused to maintain arterial FFA levels at a basal value throughout the experimental period of the study; a glucagon-clamp group (INS+GGN; n = 5) in which glucagon was infused into the portal vein to maintain glucagon at a basal level; a brain insulin-block group (INS-BRAIN; n = 9) in which a PI3-kinase inhibitor (LY294002; n = 6; Sigma-Aldrich) or insulin receptor antagonist (S961; n = 3; gift from Novo Nordisk) was infused into the third ventricle to block increased brain insulin signaling; or a group in which a block of all 3 of insulin's indirect effects was brought about (INS-COMPLETE; n = 5; intravenous intralipid, portal vein glucagon, and third ventricle LY294002 and S961 were infused). Intraportal glucagon was infused in the INS-GGN and INS-COMPLETE groups beginning at 0 minutes and increasing at 30-minute intervals using the following algorithm: 0.01, 0.09, 0.15, 0.27, 0.33, 0.38, 0.43, and 0.49 ng/kg/min, respectively. LY294002 (3.82 ng/kg/min, 0.01 ml/min) and/or S961 (25.2 ng/kg/min; 0.01 ml/min) dissolved in artificial cerebrospinal fluid were infused as previously described to completely block brain insulin action (22, 42) beginning at -60 minutes. The latter was chosen to provide sufficient time for the insulin signaling blockers to act as shown in our earlier study (22) .
Biochemical analysis. Hepatic STAT3 phosphorylation was assayed using standard Western blot procedures as previously described (9, 22) . Liver tissue from 42-hour-fasted untreated animals (basal insulin/ glucose) was used to provide reference values so as to allow for the calculation of changes in molecular markers of insulin signaling.
Metabolic analysis. The plasma insulin and glucagon levels entering the liver sinusoids were calculated by summing arterial and portal vein insulin levels after multiplying each respectively by the percentage contributions of hepatic artery (~20%) and portal vein (~80%) blood flow to total hepatic blood flow in each study. We assessed glucose flux by measuring net hepatic glucose balance (the sum of hepatic glucose output and uptake) and its components: the net rate of G6P formation from the glycolytic/gluconeogenic pathways and from the glycogen synthetic/glycogenolytic pathways, as previously described (8, 22) . Tracerdetermined glucose turnover was calculated as previously described (8, 22) . Glucagon was measured using the EMD Millipore GL-32K RIA. Other hormone and substrate concentrations were determined using standard procedures as reported previously (8, 22) .
Statistics. Metabolic data were analyzed using 2-way repeated-measures ANOVA (group × time) (SigmaStat, SPSS Inc.). Molecular data were analyzed using 1-way ANOVA. A significant difference between groups was defined as P less than 0.05.
Study approval. The surgical facility met the American Association for the Accreditation of Laboratory Animal Care standards and the protocol was approved by the Vanderbilt IACUC.
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